The orbital picture of shape resonances is investigated by examining the radial charge density distributions calculated from resonant Feynman-Dyson amplitudes for the 2 P shape resonances in e-Be, e-Mg, and e-Ca scattering using the zeroth (bivariational self-consistent field), second order and the diagonal two particle one hole-Tamm-Dancoff approximation decouplings of the dilated electron propagator. A comparison between the radial density distributions from the highest occupied and the resonant orbitallFeynman-Dyson amplitude(s) reveals an accumulation of the electron density near the target for optimal value of the complex scaling parameter. The nodal pattern of the radial distributions differs from that expected for the lowest unoccupied p orbitals but their dominant contribution to the charge density distribution is clearly seen. A study of the difference between the radial densities obtained from various decoupling schemes highlights the role of correlation and relaxation in the characterization of these resonances. The role of coordinate space span of the primitive Gaussian-type orbital basis in characterization of these resonances is discussed.
I. INTRODUCTION
The electron propagator method 1,2 has emerged as an effective correlated technique 3 for the direct determination of electron detachment4-{i and attachment energies.
7 When the electron propagator is constructed in a canonical basis of self-consistent field (SCF) orbitals, the orbital energies and the corresponding orbital amplitudes serve as the zeroth order approximation to the poles and the FeynmanDyson (FD) amplitudes of the electron propagator. I -7 Higher order decouplings which add a fluctuation potential from perturbative or renormalized approximations to the self-energy, provide one electron FD amplitudes, incorporating correlation and relaxation effects through a linear combination of canonical orbitals. This has led to the use of FD amplitudes as "correlated" orbitals for extraction of structural and bonding information about atoms and molecules. 8 The complex scaled electron propagator,9 where all the electronic coordinates of the Hamiltonian have been scaled by a complex scale lO factor (17=ae-ilJ ) offers a convenient route for the direct calculation of energies and widths of shape resonances in electron-atom U - 19 and electronmolecule scattering. 20 The shape resonances to be considered here are believed to result from the formation of meta~ stable anions when the impinging electron is temporarily captured in an unoccupied orbital of the target. 21 -23 While qualitative correlation between orbital shapes and electronscattering resonances has been attempted earlier,21-24 a quantitative investigation of the resonant orbital(s) has not been undertaken so far.
Any study of this nature first and foremost, requires a reliable mechanism for an unequivocal identification of the resonant orbital from other unoccupied (virtual) orbitals of the target. Our earlier work has shown that a dilated electron propagator based on bivariational SCF may be successfully used to isolate the resonant orbitallFD amplitudes which characterize the 2p shape resonances in e;.Be, e-Mg, and e-Ca scattering. 15 -19 While the theta and alpha trajectories for the resonant poles have been analyzed in some detail, the controlling features of the corresponding orbital/FD amplitudes, which alone can furnish an orbital picture have not been analyzed.
In this paper, we examine the orbitallFD amplitudes for the resonant poles with a view to ascertain characteristics like their radial extent, nodal pattern, and region of maximum localization of the captured electron in the resonant orbital. The resonant behavior of the poles is limited to a certain interval of quasistability with respect to variations in 17 and it is intriguing to investigate the role of the complex scale factor in turning a scattering-type orbital on the real l~ne (17 = 1.0) into a resonant orbital for 170pt (=aopte-llJopt) . In e-Be and e-Ca scattering 17 ,18 the 2p shape resonance is described by a single orbitallFD amplitude. The 2p shape resonance in e-Mg scattering,15 however, is found to be multiorbital. A pertinent issue here is the role of the additional orbitals whose energies fall within the width of the 2 P shape resonance in e-Mg scattering and it is of some interest to decipher the role of this mixing of orbita1!FD amplitudes in the stabilization of resonances.
SCF orbitals and Feynman-Dyson amplitudes are different linear combinations of the same primitive Gaussiantype orbitals (GTOs) and the ultimate limitation in the orbital description of these resonances is the coordinate space span of these primitive GTOs. A plot of the resonant orbita1!FD amplitude should, therefore, be useful in identifying the features in the primitive basis which will pro~ vide the requisite attributes for adequate description of shape resonances, and thereby shed some light on extreme sensitivity to basis sets seen in resonance carcul~tions. The difference between the radial density distribution given by the resonant orbital (zeroth-order FD amplitude) and the corresponding FD amplitude from second~order/diagonal two particle one hole-Tamm-Dancoff approximation (2ph-TDA) decoupling should offer some insight in the role of correlation and relaxation effects in the formation and decay of resonances.
An attempt to investigate these attributes by examining the resonant orbital and Feynman-Dyson amplitudes is the principal focus of this paper. The theoretical and computational considerations behind oui biorthogonal dilated electron Rropagator have been treated in detail elsewhere 9 ,13, 6,18 and in Sec. II we only offer an outline of equations germane to the present discussion. The resonant orbital and Feynman-Dyson amplitudes for the 2Pshape resonances in e-Be, e-Mg, and e-Ca scattering are discussed in Sec. III, and finally some concluding remarks are offered in Sec. IV.
II. METHOD
The Dyson equation for the biorthogonal matrix electron propagator G( 7],E) may be expressed as 13 ,18
(1) where GoC 7],E) is the zeroth order propagator for the uncorrelated electron motion, here chosen as given by ,the bivariational SCF approximation.2 s -28 The self-energy matrix ~(7],E) contains the relaxation and correlation effects and may be determined through perturbative or renormalized decouplings.13,18
Solution of the bivariational SCF equations for the N electron ground state yields a set of occupied and unoccupied orbitals {.,pi}' In terms of these orbitals the matrix
where €,-the orbital energy of the ith orbital-is obviously the zeroth-order pole of the dilated electron propagator. The corresponding orbital .,pi is the zeroth-order FD amplitude. The propagator Eq. (1) may be recast as
and the poles of the dilated electron propagator are the energy dependent eigenvalues of L ( 7 (1,2,3, ... ,N,N+ 1,n) XW~ (1,2,3, ... ,N,) 
where wrf is the optimal single determinantal description of the N electron target based on the bivariationally deter- 
where the mixing of the canonical orbitals allows for the incorporation of correlation and relaxation effects. In the 'zeroth (~=O) and quasiparticle approximations (diagonal ~), there is no mixing. The difference between perturbative second-order C~2) or renormalized dia.gonal 2ph-TDA (~2ph.TDA) decouplings manifests itself through differences between the mixing coefficients e ni from these approximations.
III. RESULTS AND DISCUSSION
The procedure for identification of resonant poles, and the basis sets employed for their calculation and other computational considerations in the investigation of the 2 P shape resonances in e-Be, e-Mg, and e-Ca scattering have been dealt with in detail elsewhere. 1S -19 In this section we investigate the factors affecting the formation and decay of shape resonances by examining the radial charge density29 plots from the. Feynman-Dyson amplitudes corresponding, to the resonant poles identified earlier. 1S -19 ' Due to the nonhermiticity of the complex scaled Hamiltonian, there is no orthonormality among the orbitals themselves, but there exists a biorthonormality The maximum in the radial charge density (rmax) for the outermost valence orbital for each target atom is taken as a rough guide for the radial extent of that atom and the extent of penetration of the impinging electron is established by determining the r max for the electron density plot from the corresponding resonant FD amplitude. To discount for any effect of the deviation of a opt from 1.0, on the localization of the impinging electron, the valence orbitals for Be, Mg, and Ca are plotted at the same a opt value as that for which the pole corresponding to the resonant orbitallFD amplitUde shows the requisite quasistabilityY-19 The number of nodes in the radial charge density plots for the resonant FD amplitUdes is used to ascertain the principal quantum number of the p-type farget orbitallFD amplitude involved in the resonance formation. The difference between the radial charge densities from the uncorrelated zeroth-order orbital and the correlated (second-order/diagonal 2ph-TDA) FD amplitude(s) is used to investigate the effect of correlation/relaxation in the formation and decay of shape resonances. Similarly, the role of the complex scaling parameter is investigated by examining the difference between radial charge densities O.OO. . On the scale empfoyed in the main plot, distinguishing the ,0rbital!FD amplitudes from different decouplings is not possible but in· the inset the difference between radial charge densities from the second-and zeroth-order (bivariational SCF) decouplings clearly reveals the role of correlation and relaxation effects in changing the ionization potential from 8.44 eV at the SCF level to 8.79 eVat second order. The maximum in the electron density is at rmax=2.1 a.u.
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fromorbitallFD amplitudes calculated for 0=0.0 and O=Oopt. The results for the different systems investigated in this fashion are discussed below.
A. e-Be
A rough guideline for the radial extent of all the target atoms studied here is obtained by determining the distancefrom the nucleus at which the maximum in the radial charge density plot (rmax) is. observed for the outermost valence orbital of the target. For _ Be, we have plotted the radial charge densities for the 2s orbital and the corresponding FD amplitudes from. the second-order and diagonal 2ph-TDA decouplings in Fig. 1 . Though the main figure cannot distinguish between the charge densities from different decouplings on the ordinate scale employed here, the difference between the densities from the second-order and the zeroth-order decouplings displayed in the inset makes it clear that the-slightly higher ionization energy at the level of the second-order decoupling17 (£1$= -8.79 eV as compared to E1$= -8.44 eV) is due to a slight accumulation of the charge density at the second-order .level near the Be nucleus, which should enhance nuclear binding and somewhat larger buildup away from the nucleus to lower interelectronic repulsion. In this way, the density differences depict the critical role of even the seemingly small -correlation and relaxation effects incorporated _ by the higher order decouplings of the dilated electron propagator. The basis ~set employed _ in this calculation is the (lOs6p) Be basis used earlier. 13 ,16,17 The radial charge density from the resonant orbital is displayed in Fig. 2 . The number of radial nodes identify this as a 4p orbital and not the lowest 2p that one would have expected from the successful qualitative correlation of lowest unoccupied molecular orbitals with resonances in e-molecule scattering. 22 However, the accumulation of the radial charge density distribution at small r values is a strong reminder of the 2p-type orbital density distribution. 29 This feature, coupled with the role of multiplication , by? which magnifies even the small tfl values at large r, suggests the resonant orbital to be predominantly a distorted 2p-type orbital with contributions from 3p and 4p orbitals. In view of the metastable character of the binding, it is imperative that the orbital charge density should have a mechanism for accumulation near the nucleus (for resonance formation) coupled with features which pull the electron away (and allow its decay). As we shall see for the other systems as well, this competition between resonance The role of optimal theta in the accumulation of electron density near the nucleus is· clearly seen. In the inset, the maximum is seen to occur at r max =2.5 a.u., very close to that for the r 1MX of the outer valence 2s orbital, seen iIi Fig. 1 . Though a cursory look at the nodal pattern identifies this as a 4p orbital, the dominant contribution to the charge density distribution is mainly of 2p type.
formation facilitated by accumulation near the. nucleus, with equally significant delocalization far away for its cJecay is a persistent feature of" all resonant orbital (s) /FD amplitudes.
Figure 2 also shows that as we move from 8=0.0 on the real line to 8=8 opt , the optimal theta leads to an amplification of charge density near the nucleus. The charge density peaks at r=2.55 a.u. which is very close to the rmax (2.1 a.u.) for the 2s orbital seen in Fig. 1 and indicates a localization of the captured electron near the nucleus. The correlation and relaxation provided by second-order decoupling is displayed in Fig. 3 , where it seems that the second-order decoupling provides for the building up of electron density in the vicinity of the nucleus through its depletion from large r values .. Figl,lre 3 also shows that the diagonal 2ph-TDA decoupling has less electron density near the nucleus compared to that from the second order, which explains why the resonance energy from 2ph-TDA and SCF (E res =0.67 eV) is somewhat higher than tliat from the second-order decoupling17,lS (E res =0.64 eV).
B. e-Mg
For the 2p shape resonance in e-Mg scattering, no orbital energy has the requisite theta trajectory to classify it as a resonant orbital 15 and even at the second-order level and diagonal 2ph-TDA decouplings, there are three differ- decouplings of the dilated electron propagator for the resonant orbitallFD amplitude in e-Be scattering at the optimal theta value (Oopt =0.36 rad). The second-order decoupling provides for building up of electron density in the vicinity of the nUcleus as well as its depletion away from the nucleus. The difference between the charge densities from the diagonal2ph-TDA and second-order decouplings shows that the diagonal 2ph-TDA decoupling has less electron density near the nucleus compared to the second order, thereby explaining the higher value of 0.67 eV for the resonance energy at the SCF level and diagonal2ph-TDA decouplings as compared to E res =O.64 eV at the second::order level. 4, where the role of the optimal 0 in enhancing the charge density near the nucleus is clearly seen. The charge densities from other resonant roots peak far away from the nucleus providing a mechanism for decay, i.e., the three roots seem to act in'tandem to achieve metastability. None of the roots has a nodal pattern in the charge density plot which has any semblance with that expected for a conventional p-type orbital and buttresses our earlier conjecture about a lack of single orbital picture for this resonance. 15 Since all the three resonant roots fall within the width '-of the same resonance, in Fig. 6 we display a plot of charge density from the linear combination x(r) =XI(r) +Xn(r) +Xm(r), where the sUbscripts label the resonant roots identified in Fig. 5 . Surprisingly, for 0=0.0, the resultant radial charge density plot is indeed characteristic of a 3p-type orbital! The accumulation of charge density near the nucleus as also at large r values for 00pt seen in Fig. 6 indicates large correlation and relaxation effects in the formation and decay of this 'shape resonance as also the critical role of the complex scale parameter in catering to the inherently contradictory demands of metastability.
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C. e-Ca
In case of the e-Ca scattering, though there is a single resonant orbitaVFD amplitude both at the level of the zeroth (bivariational SCF) ,second and diagonal2ph-TDA approximations, as evidenced by Figs. 7 and 8, the SCF orbital has one more node compared to the FD amplitude and consequently the resonance energy calculated at the SCF level is much higher (E res =0.34 eV) than that from the resonant propagator pole ls (E res =0.16 eV). It is worth emphasizing this dramatic role of correlation in stabilization of this resonance. The charge density distribution, once again has attributes that cater to the competing demands of formation (localization near nucleus) and decay (delocalization away from the nucleus) discussed earlier for e-Be and e-Mg scattering. The role of the complex scaling parameter e is same as in the case of e-Be and e-Mg scattering where e opt again provides greater accumulation of electron density near the nucleus both for the uncorrelated (bivaria:tionfll SCF) and the correlated second-order decouplihg. The --role of -the complex scaling parameter; however, seems much less pronounced for the second-order decoupling.
The nodal pattern of the charge density plots does not lend itself to an easy identification of the resonant orbital! amplitude as a 4p-or 5p-type orbital and points to the common difficulty in classifying resonances as single orbital phenomena as seen earlier for e-Be and e-Mg shape resonances; A comparison between the r max for the resonant orbital!amplitude with. the r max for the valence 4s . "" 12 a.u., indicating that the impinging electron stays far away even from the outermost valence electrons of the target. orbital for Ca plotted in Fig. 9 shows that in e-Ca scattering, the impinging electron does not penetrate as close to the target as in e-Be and e-Mg scattering. A comparison of Figs. 7 and 8 further reveals that the resonant FD amplitude provides for greater correlation by shifting the r max to larger r values as compared to the r max from the SCF orbital in Fig. 7 , and yet the resonance energy is lowered because unlike in the case of the resonant orbital, the overall probability density for the resonant FD amplitUde (Fig.  8) is shifted closer to the nucl~us. This seems to indicate an important role for the dynamic correlation in the temporary binding of the impinging electron. The low energy resonances are difficult to measure experimentally and there is some controversy about the energy assignment for the 2 P shape resonance in e-Ca scattering. 32 While the experimental results of Romanyuk et al. 32 and those from other theoretical calculations classify the 2 P Ca -as being metastable, more recent experimental results of Pegg et al. 33 and calculations of Froese Fischer et af. 34 have found it to be stable by 0.0453 eV vis-a-vis the neutral Ca atom. Our results from both second-order and diagonal 2ph-TDA calculations 18 employing a fairly extensive (lls19p) basis used earlier by McCurdy et al. 24 identify only 1 of the 17 virtual orbitals to be resonant and the corresponding 2 P Ca -anion to be metastable. The level of correlation and relaxation provided by second-order/diagonal 2ph-TDA decouplings of the dilated electron propagator is, however, not decisive and our results are probably not accurate enough to discriminate between stability/metastability of the 2PCa-anion, still, less than 0.1 e V separates stability/metastability and hopefully, our results from a fairly accurate calculation displaying comparative independence from complex scaling (a opt = 1.0, Oopt=0.29 rad) will spur further investigations in this area.
IV. CONCLUDING REMARKS
The orbital picture is at the core of quantum-chemical thinking. 35 Though an orbital picture of resonance formation has long persisted,21-23 in the absence of a simple and unequivocal mechanism to identify the resonant orbital, its portrayal has not been possible earlier.
Our examination of radial charge density plots from resonant orbitals and Feynman-Dyson amplitudes for the 2p shape resonances in e-Be, e-Mg, and e-Ca scattering has provided a preliminary outline with mixed results. The dominant features do point to the resonant orbital being the lowest p-type orbital in these systems, albeit with strong input from other orbitals in the same symmetry block. The competing demands of initial penetration and final decay are best served by a higher p-type orbital near the top and narrow end of the centrifugal barrier. On the other hand, temporary binding will be facilitated by the lower energy orbital(s) at the deeper and wider end of the barrier. These inherently contradictory attributes for the formation and decay preclude a simple orbital picture for the metastable states. In fact, the complex structure in charge density plots indicates that description of resonances will be extremely sensitive to the coordinate space span of the primitive basic set. The prevalent basis sets are biased in favor of occupied orbitals and our results emphasize the need for incorporation of GTOs which will provide sufficient flexibility to be able to cater to the competing demands of resonance formation and decay.
The complex scaling parameter is seen to playa critical role in providing a mechanism for the accumulation of electron density close to the target nucleus. The extensive correlation effects witnessed in the stabilization of all these shape resonances seems to indicate that the orbital picture for even the simplest of shape resonances investigated here needs to be interpreted judiciously. The effectiveness with which the higher order decouplings of the dilated electron propagator incorporates the necessary correlation and relaxation effects, instills confidence iii the possibility of successfully utilizing them to provide a rigorous method for obtaining LUMO orbital energies and amplitudes which are at the heart of all reactivity theories in chemistry. This optimism is buttressed by the stabilization calculations 36 ,31 which dem9nstrate that in many cases the single orbital model is indeed valid. Ari effort along these lines is underway in our group.""
